Hydrogen permeation properties of Gd 0.1 Ce 0.9 O x /BaCe 0.80 Y 0.20 O 3¹¤ (GDC/BCY) dual-phase membranes were evaluated. Nongalvanic hydrogen permeation was observed for 46 vol % GDC-containing BCY membranes: the permeation rate was 0.30 ml·min ¹1 ·cm ¹2 at 800°C. This is almost comparable to the reported value of NiBCY cermet (0.50 ml·min ¹1 ·cm
Introduction
As fossil fuels being depleted, hydrogen has a crucial role as a stable source of energy. Currently, the majority of hydrogen production is achieved by steam reforming methane from natural gas. However, this process simultaneously produces unwanted CO, which can poison Pt electrodes in proton-exchangemembrane fuel cells (PEMFCs).
1) The produced CO can be partially removed by a subsequent watergas shift reaction, but this reaction causes CO 2 contamination. Therefore, many efforts have been devoted for developing hydrogen separation or purification techniques. A pressure swing adsorption (PSA) technique using adsorbents such as zeolites and active carbons has already been used in onsite hydrogen stations.
2), 3) Besides the PSA technique, membrane separation technologies are available for hydrogen separation. 4) Metal membranes such as those of Pd and its alloys are well known as effective hydrogen separation technologies. 5), 6) Although Pd membranes are effective in hydrogen separation, Pd is an expensive metal.
Iwahara et al. 7) ,8) discovered a high-temperature protonconducting oxide based on yttrium-doped BaCeO 3 (BCY) and this material has been one of the candidates for a hydrogen separation membrane. BCY exhibits a high proton transport number at 500600°C in a humid H 2 atmosphere, and proton separation can be achieved using an external power source. 9) Hydrogen separation using mixed ionicelectronic conductors (MIEC) has also been extensively examined because it can be achieved without using a power source. 10),11) In a dense membrane of these materials, only protons and electrons migrate along the chemical potential gradient and then recombine to generate pure hydrogen at the opposite side of the conductor. Although BCY oxides exhibit high protonic conductivity, they have poor electronic conductivity, especially in H 2 and a humidified environment. Therefore, metalBCY dual-phase cermets such as NiBCY have been investigated, where protons and electrons migrate through the BCY and metal phases, respectively.
12)17)
The addition of doped ceria to BCY results in a substantial improvement to the electronic conductivity of the composite in a reducing atmosphere. 18) Doped ceria is considered a good ion conductor, but it also exhibits good electronic conductivity because of Ce 4+ reduction to Ce 3+ in a reducing atmosphere. 19 ), 20) Therefore, the doped ceria phase is expected to act as an electronic conduction path under H 2 exposure. Thus, in this study, we examined BaCe 0.80 Y 0.20 O 3¹¤ Gd 0.1 Ce 0.9 O x (BCYGDC) with different compositions and investigated their hydrogen permeation properties, electric properties, and stability in air and CO 2 .
Experimental

Sample preparation
BaCe 0.80 Y 0.20 O 3¹¤ (BCY) was prepared using solid-state reactions starting from BaCO 3 , CeO 2 and Y 2 O 3 . A stoichiometric mixture of the oxides was ball-milled in methanol for 2 h. After drying, the powder was pressed into a pellet and calcinated at 1100°C for 2 h. The calcinated pellet was again pulverized using wet ball-milling for 24 h. The resultant powder was characterized by XRD. Gd 0.1 Ce 0.9 O x (GDC) was purchased from AGC Seimi Chemical Co., Ltd. and used without pretreatment.
Membrane fabrication
BCY and GDC powders at different ratios were mixed using wet ball milling. The dried powders were uniaxially pressed into pellets with a thickness of 1.1 « 0.1 mm. The formed pellets were then sintered in air at 1450°C for 5 h. The apparent densities of the sintered pellets were evaluated as the weight of a pellet divided by an apparent volume. The degree of sintering was evaluated by a comparison between the apparent density and the theoretical density calculated from atomic weights and a unit cell volume.
Evaluation of hydrogen permeation
The surfaces of the pellets were first polished with sandpaper. Pt electrodes were formed on the both sides of the pellets using Pt paste (Tanaka, TR-7907) and attached with Pt mesh (100 mesh) as a current collector. The Pt electrode attached with the Pt mesh was co-sintered at 1000°C for 1 h. The area of both sides of the Pt electrodes was 0.28 cm 2 . The testing setup for hydrogen permeation is shown in Fig. 1 . The test cell was mounted on the top of the alumina tube and then sealed with Pyrex glass paste by heating at 850°C. The alumina tube mounted with the test cell was encapsulated by a quartz glass tube. H 2 gas, which was passed through a water bubbler at room temperature, was fed into one side of the cell through the inside of the alumina tube, and permeated H 2 from the other side was swept by the waterbubbled Ar gas introduced into the quartz tube. The Ar-swept H 2 gas was first introduced into a water-trap cooled in a dry ice/ methanol bath and then injected into a TCD gas chromatography apparatus (Shimadzu, GC-8A) with an active carbon column and Ar carrier gas. The gas flow rate for both feed and sweep was 50 mL/min.
Impedance spectroscopy
Impedance spectra of the two-terminal cells with Pt electrodes were observed with an impedance analyzer (VersaSTAT 4; AMETEK) in the frequency range between 10 and 0.01 Hz. During the measurements, both electrodes were exposed to waterbubbled H 2 gas. The curve fittings of the spectra were carried out with the simulation soft, ZPlot 3.3c (Scribner Associates).
Results and discussion 3.1 Characterization of BCY-GDC
For XRD measurements, the test pellets sintered at 1450°C were pulverized into powders. Figure 2 shows the XRD patterns of the BCY, GDC and BCYGDC powders. For the BCY sample, the XRD signal of BaCO 3 was weakly observed at 23.8°. The XRD patterns of the BCYGDC composites are simple superpositions of both the phases, and no additional phases were observed. Figure 3 shows SEM images of the exterior surfaces of the sintered pellets. The BCY (a) and GDC (e) pellets exhibited well-sintered surfaces and grain growth was more significant on the GDC surface, while the grain growth was apparently suppressed in the BCYGDC pellets. By comparing the apparent density of the pellets with the theoretical density based on the values for single crystals, the degree of sintering was evaluated as 87.8% (BCY), 89.6% (GDC), 89.5% (22 vol % GDC/BCY), 83.3% (46 vol % GDC/BCY) and 87.5% (72 vol % GDC/BCY). It is hard to say whether the evaluated degrees of sintering are very high. In fact, the surfaces of the GDC/BCY pellets are still porous after the sintering process. Figure 3 (f ) shows crosssectional picture of the 46 vol % GDC/BCY. Small pores less than 1¯m are scattered on the fractured surface. To deny the existence of through pores, gas-leakage through the pores of the samples or through the seal was evaluated by monitoring He concentration in the Ar sweep gas by TCD gas-chromatography. The leakage test was conducted at 900°C. The obtained He leakage flux was equivalent to no more than 0.1% of the H 2 permeation flux, and it was deduced that H 2 leakage from the pores and/ or adhesive is negligibly small. Therefore, we concluded that the small pore on the cross-sectional picture is closed-pores and the pellet does not have effective through pores for a significant hydrogen leak. Sintering at higher temperatures may yield higher-density pellets. Lin et al. 21) reported the formation of BaCe 1.6 Gd 0.2 Y 0.2 O 4.9¹¡ in a BCYGDC mixture (1:1 in molar ratio) sintered at 1550°C. Therefore, this time we did not perform sintering at temperatures higher than 1450°C.
Hydrogen permeation test
Hydrogen permeation tests were performed for the BCYGDC pellets. Among the BCYGDC samples examined, only the 46 vol % GDC/BCY exhibited significant hydrogen permeation. Figure 4 shows the temperature dependence (1/T) of the hydrogen permeation flux of the BCYGDC pellets. Linear change was observed between 600800°C, and deviated from the linearity for further increasing temperature. It was deduced that the increase in the hydrogen permeation rate is related to thermal activation process. The hydrogen permeation flux at 900°C is 0.30 ml·min ¹1 ·cm ¹2 , which is lower than that of NiBCY (³0.76 ml·min ¹1 ·cm ¹2 at 800°C 14) ). Hydrogen permeation was not detected for 22 and 72 vol % GDC/BCY samples in the temperature range between 600 and 900°C. It should be noted that neither BCY nor GDC pellets exhibited significant hydrogen permeation. For the hydrogen permeation both BCY and GDC conduction paths should coexist. In this sense, the 22 vol % GDC/BCY has only BCY path (protonic conduction) and 72 vol % GDC/BCY has only GDC path (electronic conduction). Only in the 46 vol % GDC/BCY, both proton and electron conduction paths are though to be compatible. Badwal et al. 22) reported that a reducing atmosphere caused structural disruption to grain boundaries because of the volume expansion resulting from the reduction of Ce
3+
. Figure 5 shows the hydrogen permeation rate after exposing the BCYGDC pellet to air for prescribed periods of time. Ar-balanced 4% H 2 was used in this experiment to avoid unexpected firing. Even after air exposure for 60 min, the hydrogen permeation rate did not change significantly.
Electrochemical evaluation
The hydrogen permeation rate varies with the proton and electron conductivities of the mixed protonelectron conductor. When the charge carrier of a mixed conductor is restricted to protons and electrons, the hydrogen permeation flux (J H2 ) based on the ambipolar diffusion is expressed as 23) 
where R, T, F, L, · i , and · T are the gas constant, temperature, the Faraday constant, thickness of the pellet, conductivity of i species, total conductivity, respectively. P H2;feed and P H2;sweep are hydrogen partial pressures at the feed and sweep gas sides, respectively. The hydrogen permeation flux was measured by changing P H2;feed /P H2;sweep . . Figure 6 shows the temperature variation in electrical conductivities. The conductivity of BCY exhibited an Arrehnius behavior in the temperature region between 600 and 900°C. The conductivity of the BCY pellet between 800 and 900°C was 12 © 
10
¹2 S cm ¹1 and the activation energy was evaluated as 0.48 eV, which is very close to that reported by other researchers. 9 ), 24) On the other hand, the Arrehnius plot for the GDC pellet could not be fitted by a single straight line. The activation energy in 600700°C was 0.51 eV and that in 800900°C was 0.05 eV. The conductivity of GDC in wet H 2 was 5.56.0 © 10 ¹2 S cm ¹1 between 800 and 900°C, which is about three times higher than that of BCY. Adding 22 vol % of GDC slightly decreased the conductivity, probably because it broke the proton conduction path formed by the BCY phase. However, increasing GDC to 46 vol % drastically enhanced the conductivity. This sudden increase in the conductivity is typical of the percolation phenomenon, where the electron conductivity suddenly rises because of the formation of cluster chains. The conductivity gradually increased after a further increase to 72 vol % in GDC content. Assuming that BCY and GDC are pure protonic and electronic conductors, respectively, in humidified 100% H 2 , the value of · H þ · e À /· T was evaluated from the conductivity curve in Fig. 6 ), which means that the partial conductivities (· H þ and · e À ) of 46 vol % GDC/BCY are almost the same as the bulk conductivities of BCY and GDC.
Stability in CO 2
It is well known that BCY reacts with CO 2 to form barium carbonate.
25) The formation of the carbonate along the grain boundary may reduce the proton conductivity. Since the steamreforming products of methane contain 20% CO 2 , the stability of BCY during the operation should be ensured to a high degree. Partial substitution of Ce 4+ ions by Zr 4+ ions effectively reduces the reaction rate of carbonate formation; however, the substitution simultaneously reduces proton conductivity. 26) In this study, we examined the stability of BCYGDC composites in a CO 2 atmosphere. Figure 7(a) shows the TG curves of the BCYGDC composite powders in 100% CO 2 during cooling at a rate of 5°C/min. The weight increases occurring as the temperature decreases, as shown in the TG curves, are due to the formation of BaCO 3 . Since carbonate formation is an exothermic process (¦H = ¹822.5 kJ), the equilibrium Eq. (2) is expected to shift toward the BaCO 3 side of the equation as the temperature decreases.
Adding GDC caused a decrease in the final weight change: 12.7% (BCY), 10.3% (22 vol % GDC), 6.5% (46 vol % GDC), 2.7% (72 vol % GDC), and 0% (GDC). This is simply because of the decrease in the molar fraction of BaO in the composites. However, the onset temperature for the carbonation apparently decreased with increasing GDC content. This temperature shift indicates a decrease in the formation enthalpy of the BaCO 3 phase. We speculate that the added GDC interacts with the BCY surface to stabilize BaO and/or destabilize BaCO 3 . For 46 vol % GDC, which exhibited the maximum hydrogen permeation rate, decarbonation started above 970°C. Reducing the CO 2 partial pressure also decreases the onset temperature. 27) In fact, the reformed methane gas contains CO 2 at a ratio of CO 2 /H 2 = 0.25. Figure 7(b) shows the TG result in 25% CO 2 . Apparently, the onset temperature decreased compared to those in 100% CO 2 , and it was about 864°C for 46 vol % GDC. To evaluate the reaction rate of the carbonation, TGA measurements were conducted in 100% CO 2 at constant temperatures. The TGA curves are shown in Fig. 8(a) . From the initial slopes of the TGA curves, the reaction rates were evaluated. Figure 8(b) shows the Arrhenius plots for the BCY and BCYGDC composites. The reaction rate of the carbonate formation decreased with increasing GDC content. However, the activation energies were almost identical: 140 kJ mol ¹1 for BCY and 130 kJ mol ¹1 for the BCYGDC composites. Therefore, the change in the reaction rate is solely because of the decrease in the pre-exponential factor, implying that the probability of CO 2 attaching decreases as a result of adding GDC.
Conclusion
Dual-phase ceramic membranes consisting of BaCe 0.80 Y 0.20 -O 3¹¤ (BCY) and Gd 0.1 Ce 0.9 O x (GDC) were prepared for utilization as hydrogen-permeation membranes. A BCYGDC composite containing 46 vol % GDC exhibited good hydrogen perme- Fig. 7 . TGA curves of the BCY, GDC and BCYGDC composite powders under flow of (a) 100% CO 2 /N 2 and (b) 25% CO 2 . The TGA curves are monitored during a cooling process at 0.5°C/min, subsequent to heating in N 2 at 5°C/min. ¹2 at 900°C. This value is still lower than that of the reported NiBCY cermets, which probably means that the electronic conductivity in the BCYGDC composite is not sufficiently high. The BCYGDC composites also exhibited good stability against variations in the atmosphere between air and hydrogen. Moreover, the addition of GDC effectively decreased the decarbonation temperature and the reaction rate. Therefore, we conclude that BCYGDC has the potential to be used at reduced temperatures, even in CO 2 -containing atmospheres.
